Introduction {#S0001}
============

Cancer is a global life-threaten disease, which brings about considerable suffering and burden to patients, as well as society as a whole. In the United States, the new incidence and mortality in 2019 are expected to be 1,762,450 and 606,880, respectively, corresponding to approximate 1700 deaths per day.[@CIT0001],[@CIT0002] Traditional anticancer therapies, including surgical resections and chemotherapies, bring about severe systemic damages to patients. One main reason is that these approaches lack of sufficient specificity to tumor tissues, which leads to serious off-target damages on healthy organs.[@CIT0003]--[@CIT0005] Considerable efforts have been performed to develop novel therapeutic strategies for cancers in the past decades. However, these new anticancer approaches show limited effects on relieving symptoms or enhancing survival rates in clinical settings. Thus, therapeutic strategies with higher specificity are desirable in order to achieve better anticancer outcomes.

Photodynamic therapy (PDT) is a clinical therapeutic modality for cancers by the illumination-induced generation of ROSs. With the appropriate illumination, photosensitizers in tumor sites produce cytotoxic ROSs to eradicate cancer cells. In addition to the transient generation of cytotoxic ROSs, increasing evidence demonstrate that PDT stimulates innate immune system, which further induces adaptive immune responses preventing the recurrence of cancer, leading to long-term antitumor effects.[@CIT0006] Compared with traditional therapeutics (eg, surgical resections, radiotherapies or chemotherapies), PDT is a minimally invasive therapeutic approach with the properties of mild systemic toxicities, repeatable treatments, no drug-resistance, which remarkably enhances the life qualities and survival rates of patients. Besides, unlike the immunosuppressive nature of traditional anticancer therapeutics, PDT stimulates immune system of patients to facilitate cancer clearance.[@CIT0007] PDT has been clinically used for the treatments of multiple types of cancer, including skin, esophagus, nasopharyngeal cancers, etc.[@CIT0008]--[@CIT0010] The concept of PDT for cancer treatments can be derived back to 1913, when German scientists used eosin with the combination of illumination to treat skin carcinoma. The first real modern clinical trial of PDT-based cancer therapy was in 1978, when haematoporphyrin derivativewas used for the treatments of cutaneous or subcutaneous cancers in New York.[@CIT0011] However, over the last 40 years, very few photosensitizers have entered into clinical trials or have been approved for cancer therapies. This is in contrast to the massive researches which have been performed on the development of new photosensitizers. The slow translation of research into clinical applications is partially due to the off-target phototoxicities (skin burns) and the metabolic problems photosensitizers noted in clinical trials.[@CIT0012]--[@CIT0014] Using carriers to deliver photosensitizers has been considered to enhance the anticancer effects of PDT. Polymers in the nanometer-sizes are of considerable interests as carriers for small-molecule or peptide-based drugs. First, these carriers are of long circulating time and retention time in vivo, which improved the poor metabolic stability of small-molecule and peptide-based drugs caused by the fast renal clearance.[@CIT0015]--[@CIT0018] In addition, many nm-sized drug carriers remarkably improve the poor membrane permeability of small-molecule drugs, especially peptides. Furthermore, polymers ranged 100--200 nm have been reported to show excellent enhanced permeability and retention (EPR) effects in cancer mice models, which leads to the more reasonable biodistributions and passive tumor-targeting properties.[@CIT0019],[@CIT0020]

A large number of polymers have been used for drug delivery to prolong the in vivo retention time of small-molecule drugs. One of the most widely studied drug carrier is polyethylene glycol (PEG), which has been used to modify various FDA-approved drugs.[@CIT0021] However, recent studies have demonstrated that PEG caused reduced cellular uptake, eliciting immune responses, non-specific binding to blood proteins, etc.[@CIT0022] In addition to PEGs, many other efforts have been performed to deliver photosensitizers or other anticancer agents to the tumor sites.[@CIT0023]--[@CIT0026] Increasing evidence suggest that polydopamine (PDA) as a promising drug carrier because of its natural composition, excellent biocompatibility, non-toxicity, non-immunogenicity, non-antigenicity and high solubility in aqueous solutions.[@CIT0027]--[@CIT0030] PDA shows high potency to load multifarious biomolecules, and effectively enhances the pharmaceutical effects of therapeutics.[@CIT0031]--[@CIT0033] Meanwhile, PDA is prone to release the loaded drugs in the acidic tumor microenvironments or lysosomes, because PDA nanoparticles have been reported to rapidly disintegrate at low pH.[@CIT0034]--[@CIT0036] Cancer development involves a large number of specific signaling pathways, which requires the overexpression of specific membrane-bound receptors for accommodating relevant ligands. Compared to healthy cells, multiple tumor cells express high levels of folate receptors (FRs) on their surface, which have been identified as promising diagnostic and therapeutic targets for cancers.[@CIT0037],[@CIT0038] Patients bearing FRs-positive tumors have shown better clinical outcomes with the FRs-targeting treatments than patients bearing FR-negative tumors.[@CIT0039],[@CIT0040] Thus, targeting FRs is considered as an effective approach to improve the tumor-targeting properties of anticancer drugs.[@CIT0041],[@CIT0042] Folic acid (FA) is one of the best-characterized ligands with high affinity to FRs (KD\<10^−9^ M) and has been exploited to enhance the drug internalization into tumor cells through the FR-mediated endocytosis.[@CIT0043]--[@CIT0049] Besides, FA-conjugated nanoparticles have demonstrated excellent diagnostic and therapeutic potencies in experimental cancer models.[@CIT0050]--[@CIT0054]

In this study, to address the metabolic problems and promoting the insufficient tumor-targeting properties of clinical photosensitizers, we used a FA-modified PDA nanocarrier loading a phthalocyanine-based photosensitizer to target the peri-cellular FRs on tumor cells. In our previous study, we reported a highly positive zinc phthalocyanine-type photosensitizer, ZnPc(TAP)~4~^12+^, which is referred to as Pc in the flowing text. Pc is a zinc phthalocyanine derivative with four 2,4,6-tris (N, N-dimethylaminomethyl) phenoxyl (TAP) moieties modified in the four margins ( [[Figure S1]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)). With the methylations of the 12 tertiary amines, Pc contained 12 positive charges in one photosensitizer molecule, which was able to attach the negatively charged PDA surface via electrostatic attractions. Pc demonstrated high potency as the anticancer agent owing to its fine water-solubility, photostability and high ROSs generation yield.[@CIT0055],[@CIT0056] This PDA-based nanomedicine (PDA-FA-Pc) can be disintegrated in the acidic tumor microenvironment or lysosomes and release the photosensitizer (Pc) to eliminate cancer cells. The synergistic effects of PDA and FA will significantly improve the anticancer efficacies and specificities of Pc in vitro and in vivo. Furthermore, our PDA-FA-Pc nanomedicine demonstrated remarkable selective photodynamic effects to the FR-overexpressing cancer cell lines, suggesting the excellent anticancer effects and safety in cancer treatments.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

All chemicals including dopamine hydrochloride, FA, 2,4,6-tris (N, N-dimethylaminomethyl) phenoxy (TAP), MTT and DAPI were purchased from Sigma-Aldrich (St. Louis, USA) or Sinopharm Chemical Reagent Co. Ltd. (Shanghai, People's Republic of China). All chemicals were of analytical grade and used without further purification unless notified. Human cervical carcinoma cell line Hela, human breast adenocarcinoma cell line MCF-7, human embryonic lung fibroblast HELF and human normal liver cell L02 were purchased from the China Center for Type Culture Collection. The cells were maintained in DMEM or RPMI-1640 medium supplemented with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, Invitrogen, Grand Island, NY, USA) at 37°C with 5% CO~2~.

Preparation of PDA {#S0002-S2002}
------------------

PDA nanoparticles were synthesized through the oxidative-polymerization of dopamine hydrochloride following our previously established protocol with an average diameter of 160--170 nm.[@CIT0030] In brief, 1 mL NH~4~OH (28--30%) was mixed with 20 mL ethanol and 45 mL deionized (DI) water under stirring for 30 mins at room temperature. 250 mg dopamine hydrochloride was dissolved in 5 mL DI water and then injected into the above-mixed liquors. The color of the mixed liquors turned pale yellow immediately and then gradually changed to dark brown. The mixed liquors were then allowed to stand overnight. PDA was collected after centrifugation, washing and re-dispersing with DI water, until no color in the supernatant was observed.

Preparation of ZnPc(TAP)~4~^12+^ (Pc) {#S0002-S2003}
-------------------------------------

The photosensitizer used in this study (ZnPc(TAP)~4~^12+^, Pc) was synthesized as previously reported, and the chemical structure was presented in [[Figure S1]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx), which was slightly modified from our approach previously reported.[@CIT0055] In brief, ZnPc(TAP)~4~ (166 mg, 0.1 mmol) dissolved in DMF (100 mL) was stirred with CH~3~I (86 μL, 1.35 mmol) for 6 hrs at room temperature leading to the positively charged ZnPc(TAP)~4~^12+^, which showed excellent aqueous solubility (\>10 mg/mL in water). Then, the mixture was concentrated to 10 mL by removing the solvent under reduced pressure. The product was precipitated upon the addition of diethyl ether to the residue and the precipitates were collected by centrifugation (dissolved in methanol). Thereafter, the insoluble impurities were filtered off and the filtrate was precipitated by diethyl ether again. Finally, the product was centrifuged and dried in a vacuum to yield the ZnPc(TAP)~4~^12+^.

Synthesis of PDA-FA-Pc nanomedicine {#S0002-S2004}
-----------------------------------

The design and synthetic strategy of PDA-FA-Pc nanomedicine has been illustrated in [Figure 1A](#F0001){ref-type="fig"}. The PDA-FA was prepared firstly before loading Pc. The FA was dissolved in Tris-HCl (Tris(hydroxymethyl)aminomethane-HCl) solution with a concentration of 0.5 mg/mL. Although the solubility of FA in neutral water is relatively low, it dissolves well in weak basic Tris-HCl buffer solution. Next, 50 mg PDA nanoparticles were added and dispersed in Tris-HCl solution by stirring. The mixed solution was stirred at room temperature for 2 hrs. After reaction, the product was centrifuged and washed with DI water. For loading Pc, the PDA-FA solution (1 mg/mL) was mixed with excess Pc and stirred for another 2 hrs. Unbound Pc was completely removed by centrifugal filtration. The obtained PDA-FA-Pc nanomedicine was readily dispersed in water, forming solutions with dark brown color resembling the PDA solution. PDA-FA-Pc nanomedicine was re-suspended in DI water and stored at 4°C for subsequent experiments. The degree of loading (DOL) of FA or Pc in PDA-FA-Pc nanomedicine was determined based on the specific absorbance (360 nm for FA and 690 nm for Pc) of PDA-FA or PDA-FA-Pc. The loading amount of FA or Pc on PDA-FA-Pc nanomedicine (mg) was calculated according to the standard curves derived from the absorbance of pure FA or Pc. The DOL was calculated according to the following equation: DOL (%)=(weight of FA or Pc)/(weight of PDA-FA-Pc nanomedicine)×100%. For Pc releasing measurement, PDA-FA-Pc nanomedicine solutions were dialyzed in phosphate buffers at pH 5 and 7 in dark. At different time points (2, 4, 8 and 16 hrs), Pc released from PDA-FA-Pc nanomedicine was collected and calculated based on the standard curve derived from the absorption spectrum of pure Pc.Figure 1(**A**) The synthetic scheme of PDA-FA-Pc nanomedicine. (**B**) The illustration of the anticancer mechanism of PDA-FA-Pc nanomedicine: After intravenous injection, PDA-FA-Pc nanomedicine crosses the vascular wall and accumulates in tumor tissues via EPR effects and targeting the FRs on tumor cell surfaces. In the relative acidic tumor microenvironment or lysosomes after internalization, PDA-FA-Pc nanomedicine disintegrates and releases monomeric Pc molecules, which exhibit photodynamic effects to eradicate tumor cells.

Characterization of PDA-FA-Pc nanomedicine {#S0002-S2005}
------------------------------------------

The morphology of the sample was investigated by a JSM 6700F scanning electron microscope . The UV-vis absorption spectrum of PDA-FA-Pc nanomedicine at 10 mg/mL in DI water was measured by Synergy 4 multi-mode microplate reader (BioTek Instruments, USA). The HD distribution and zeta potentials of PDA-FA-Pc nanomedicine were determined by dynamic light scattering (DLS) measurement (Nano ZS90, Malvern Instruments, UK). To study the stability of PDA and PDA-FA-Pc, we let them stand in PBS at room temperature and investigated the size changes during 8 days. For the dispersibility, we dispersed PDA-FA-Pc in H~2~O, PBS, PBS+20% FBS and let them stand for 24 hrs at room temperature. The data curves were fitted to exponential functions using Origin and Prism-5 software.

Determination of ROS generation {#S0002-S2006}
-------------------------------

The production of ROS by PDA-FA-Pc nanomedicine was measured with the 2,7-dichlorofluorescein diacetate (DCFH-DA) as a probe of ROS. To specify, 10 μM DCFH-DA was incubated with PDA-FA-Pc nanomedicine at various concentrations (0.15, 0.3, 0.6, 1.2 and 2.4 mg/mL) in PBS, and illuminated by a planar LED light source (2.5 J/cm^2^, 680 nm). The control group without PDA-FA-Pc nanomedicine treatment was measured for comparison. Finally, the fluorescence change of ROS probe was determined by a BioTek microplate reader at the excitation wavelength 488 nm and emission wavelength 525 nm after incubation for different periods.

Cellular uptake studies {#S0002-S2007}
-----------------------

For cellular uptake studies, a suspension of Hela, MCF-7, HELF and L02 cells were plated in 96-multiwell plates, respectively (5×10^4^/mL, 200 μL/well), and keep overnight at 37°C under 5% CO~2~. After incubation of 1, 2 and 4 hrs with PDA-FA-Pc nanomedicine (2 mg/mL), all cells were gently rinsed with PBS to remove redundant agents. Cells were lysed (0.1 M NaOH, 1% SDS) to give a homogeneous solution and the fluorescence of cell lysates was measured by Synergy 4 multi-mode microplate reader (λ~ex~=610 nm, λ~em~=692 nm). Protein concentration of cells were determined by Pierce™ BCA Protein Assay Kit (BioTek Corporation, People's Republic of China) and expressed as nmol phthalocyanine per mg cellular proteins (nmol/mg). The control wells in the plate with only culture medium serve as a blank. To further evaluate the cellular uptake of PDA-FA-Pc nanomedicine in Hela, MCF-7, HELF and L02 cells, we investigated cellular uptake by flow cytometry (Beckmann Corporation, USA). A suspension of Hela cells, MCF-7 cells, HELF cells and L02 cells (5×10^4^/mL, 2 mL/well) were plated onto 6-well plates, respectively. All cells were treated with PDA-FA-Pc nanomedicine (2 mg/mL) for 2 h after adhesion. Thereafter, cells were washed carefully with PBS, collected and analyzed by flow cytometry. The control cells in the plate with only culture medium serve as control group.

Sub-cellular localization of PDA-FA-Pc nanomedicine {#S0002-S2008}
---------------------------------------------------

For sub-cellular localization studies, the Hela, MCF-7, HELF and L02 cells (5×10^4^/mL, 2 mL) were plated onto confocal chamber slides, respectively, and kept at 37°C overnight to adhesion. Then, the cell culture mediums containing PDA-FA-Pc nanomedicine at a concentration of 1 mg/mL were added. After 2-hr incubation, cells were gently washed by PBS to remove unbound PDA-FA-Pc nanomedicine. Afterward, at room temperature, all cells were fixed for 10 mins in using Immunol Staining Fix Solution. Subsequently, these cells incubated with 500 μL DNA fluorescent dye DAPI (5 μg/mL) for 5 mins. Finally, cells were washed by PBS thoroughly before being mounted for direct confocal microscopic observation (Olympus FluoView™ FV1000, Japan). The following filters were used for DAPI and PDA-FA-Pc nanomedicine: 359~Ex~/461~Em~ for DAPI and 610~Ex~/692~Em~ for PDA-FA-Pc nanomedicine.

In vitro cytotoxicity {#S0002-S2009}
---------------------

The methyl thiazolyltetrazolium (MTT) assays were performed to investigate the in vitro phototoxicity and dark toxicity of PDA-FA-Pc nanomedicine for Hela, MCF-7, HELF and L02 cells. Briefly, cells were seeded into 96-well culture plates at a density of 1×10^4^/well. Cells were attached after 16 hrs. All cells adhered to the bottom after 16 hrs and followed by incubation with PDA-FA-Pc nanomedicine at different concentrations (0.15, 0.3, 0.6, 1.2 and 2.4 mg/mL) for 2 hrs. Unbound PDA-FA-Pc nanomedicine was removed by washing in PBS thoroughly. Then, the cells of phototoxicity groups were followed by 2-min illumination at a dose of 5 J/cm^2^ via a planar LED light source (680 nm) and incubation of 24 hrs. Next day, cells in each well were mixed with 100 μL of 0.5 mg/mL MTT solution in cell culture medium and incubated for 4 hrs. The formed insoluble purple formazan product was then dissolved in DMSO (100 μL each well). The absorbance of the solution was quantified by measuring at 570 nm with a Synergy 4 multi-mode microplate reader. Meanwhile, dark toxicity experiments of PDA-FA-Pc nanomedicine for all cells were also investigated without illumination.

Phototoxicity of PDA-FA-Pc nanomedicine with the competition with FA {#S0002-S2010}
--------------------------------------------------------------------

The phototoxicity of sole FA was determined in the same way as that of PDA-FA-Pc nanomedicine in Hela cells. For competition experiment, cells were seeded into 96-well culture plates at a density of 1×10^4^/well. After adhesion, cells were pre-incubated with 0.4 μg/mL sole FA followed by incubation with 0.6 mg/mL PDA-FA-Pc nanomedicine for 1, 2 and 4 hrs. The survival rates of Hela cells were determined by the MTT assays.

Establishment of HeLa and MCF-7 tumor-bearing mouse models {#S0002-S2011}
----------------------------------------------------------

Female Kunming mice (4 weeks old, 20 g, purchased from Shanghai SLAC Laboratory Animal Co. Ltd., People's Republic of China). All experiments were performed following the guidelines of the institutional animal care and use committee of Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences. The committee also approved the experiments. Shufeng Yan had received training under the ethical approval of Fujian Institute of Research on the Structure of Matter, Chinese Academy of Science. During experiments, all mice were allowed free access to water and food. To establish the Hela and MCF-7 tumor-bearing mouse models, 0.2 mL suspension of Hela or MCF-7 cells in sterilized saline with a density of 1.0×10^7^ cells/mL were subcutaneously inoculated into the right flank of Kunming mice, respectively. The therapy experiment started when the tumor size reached 50 mm^3^ (Hela tumor-bearing mice) or 35 mm^3^ (MCF-7 tumor-bearing mice), typically 5 days after inoculation.

Fluorescent molecular tomography (FMT) imaging of PDA-FA-Pc nanomedicine in MCF-7 tumor-bearing mice {#S0002-S2012}
----------------------------------------------------------------------------------------------------

The MCF-7 tumor-bearing mice model was established with the equivalent average starting tumor size (100--150 mm^3^) and body weight (\~23 g). The mice were injected with PDA-FA-Pc nanomedicine (43.5 mg/kg of total mouse body weight) intravenously via the caudal vein. After injection, mice were anesthetized using inhaled isoflurane and placed in an imaging cassette to be imaged using a fluorescent molecular tomography FMT 2500^TM^ LX instrument. The tumor-targeting capability of PDA-FA-Pc nanomedicine within the mice was monitored at different time points (3, 6, 12, 24, 48 and 96 hrs). All FMT scans were carried out using a 680 nm laser diode which was used to excite the ZnPcs and long wavelength fluorescence emission (690--740 nm) was detected. The regions of interest (ROIs) were scanned with 40--60 source locations and right scan parameters (\~10,000 counts per pixel and 3 mm spacing between adjacent source locations). The imaging results were analyzed with the software TrueQuant v3.0 (PerkinElmer, Waltham, MA, USA) to derive quantitative information in terms of average concentrations of ZnPcs by creating ROIs around the tumor sites (T) and non-tumor sites.

In vivo antitumor efficacy {#S0002-S2013}
--------------------------

The antitumor effects of PDA-FA-Pc nanomedicine in Hela and MCF-7 tumor mice were evaluated by growth inhibition and tumor weight analysis. Typically, Hela and MCF-7 tumor-bearing mice (established as above) were randomly divided into PDA-Pc treated group, PDA-FA-Pc nanomedicine treated group and saline group, respectively (8 mice per group). Each mouse showed equivalent average starting tumor size (50 mm^3^ for Hela tumor-bearing mice, 35 mm^3^ for MCF-7 tumor-bearing mice) and body weight (\~23 g). The mice of PDA-Pc treated group and PDA-FA-Pc nanomedicine treated group were treated by PDA-Pc and PDA-FA-Pc nanomedicine, respectively (43.5 mg/kg of total mouse body weight) via the caudal vein injection. The mice of saline group were injected intravenously with equivalent volume of saline as a control group. Twelve hours later, the tumor sites were illuminated with 680 nm light for 10 mins (a total light dose of 75 J/cm^2^, LumaCare non-coherent light source, Luma Care Medical Group, Newport Beach, CA, USA). The body weights of mice were monitored daily and the tumor sizes were calculated with a caliper throughout the experiment using the ellipsoid volume formula (W^2^×L)×π/6, where W means tumor width and L means tumor length. After 8-day treatment, the mice were sacrificed, and their tumors were carefully dissected out for weight analysis.

Statistical analysis {#S0002-S2014}
--------------------

All data represent group means and standard errors of the mean (SEM). The experimental data in vitro and in vivo were analyzed by two-way ANOVA. Differences at the 95% confidence level (*p*\<0.05) were considered statistically significant.

Results and discussion {#S0003}
======================

Design, synthesis and characterization {#S0003-S2001}
--------------------------------------

The design and synthesis of PDA-FA-Pc nanomedicine is illustrated in [Figure 1A](#F0001){ref-type="fig"}. [Figure 1B](#F0001){ref-type="fig"} elucidates the anticancer mechanism of PDA-FA-Pc nanomedicine. First, after intravenous injections, PDA-FA-Pc nanomedicine in vessels rapidly accumulates in tumor sites through the combination of the EPR effects and FA-FRs interaction. PDA-FA-Pc nanomedicine then disintegrates and releases Pc in the acidic tumor microenvironment or in lysosomes after endocytosis. The released Pc molecules in cytoplasm then exhibit photodynamic effects to cause the apoptosis and necrosis of cancer cells.

The obtained PDA-FA-Pc nanomedicine was characterized by scanning electron microscopy, DLS, UV-vis absorption spectra, etc. First, we used scanning electron microscopy to study the morphology of PDA-FA-Pc nanomedicine ([Figure 2A](#F0002){ref-type="fig"}). In scanning images, the fabricated PDA-FA-Pc nanomedicine showed homogeneous spherical configurations with an average diameter of 170 nm. The hydrodynamic diameter (HD) of PDA-FA-Pc nanomedicine was in the range of 160--180 nm determined by DLS analysis ([Figures 2B](#F0002){ref-type="fig"} and [[S2]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)), consistent with the diameters determined by scanning electron microscopy. [Figures 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}. In addition, non-measurable size change was observed during the 8 days ([[Figure S3]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)), indicating the assembly configuration of PDA and PDA-FA-Pc was stable. Meanwhile, the PDA-FA-Pc nanomedicine exhibited high stability from disintegration or aggregation in aqueous solutions, like water, PBS or 20% FBS ([[Figure S4]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)). Notably, nanoparticles in this size are reported to avoid the fast renal clearance in circulation system and high EPR effects in tumor sites.[@CIT0057],[@CIT0058] The average HD of PDA-FA-Pc nanomedicine was close to the HDs of PDA and PDA-FA. However, the zeta potential data showed that PDA-FA-Pc nanomedicine is generally positively charged in contrast to negative charged PDA and PDA-FA ([Figure 2C](#F0002){ref-type="fig"}), indicating the successful loading of the highly positive Pc. Notably, because of the overexpressed sialic acids, tumor cells normally are in a negative tumor microenvironment,[@CIT0059] indicating that agents with positive charges, eg, PDA-FA-Pc nanomedicine, are favorable to penetrate into tumor tissues. In addition, the UV-vis absorption spectra also indicate the same information ([Figures 2D](#F0002){ref-type="fig"} and [[S5]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)): PDA-FA-Pc nanomedicine showed obviously enhanced absorption at 360and 690 nm in contrast to PDA indicating the loading of FA and Pc, respectively.Figure 2Characterization of PDA-FA-Pc nanomedicine. (**A**) The scanning electron microscopy image of PDA-FA-Pc nanomedicine. (**B**) The size distributions of PDA, PDA-FA and PDA-FA-Pc nanomedicine in water measured by DLS. (**C**) Zeta potentials of PDA, PDA-FA and PDA-FA-Pc nanomedicine. (**D**) UV-vis absorption spectra of PDA, PDA-FA and PDA-FA-Pc nanomedicine. The UV-vis absorption spectra of pure FA and Pc were shown in Figure S3. (**E**) The degree of loading (DOL) of FA and Pc in PDA-FA-Pc nanomedicine (w/w %). (**F**) The release of the monomeric Pc molecules from PDA-FA-Pc nanomedicine in acidic (pH 5) and neutralized (pH 7) conditions. The values were represented as mean ± SD, \*\*\**p* \<0.001.

We then determined the DOL of FA and Pc in PDA-FA-Pc nanomedicine. The DOLs of FA and Pc were quantified as 1.6% and 2.5% (w/w), respectively ([Figure 2E](#F0002){ref-type="fig"}). The antitumor efficacy of PDA-FA-Pc nanomedicine was mainly dependent on the PDT effect of Pc. We thus further investigated the release of Pc from PDA-FA-Pc nanomedicine in PBS at acidic (pH 5) and neutralized (pH 7) conditions ([Figure 2F](#F0002){ref-type="fig"}). The quantification of the released Pc was through determining the characteristic absorbance at 690 nm.[@CIT0055] The Pc release in the acidic condition was much faster than that in the neutral condition, which was likely due to the faster disintegration of PDA nanomedicine at low pH solutions.[@CIT0060] Notably, the maximum release rate in acidic condition (approximately 40%) was also significantly higher than that in neutralized condition (approximately 18%). The pH-dependent Pc release of PDA-Pc was further investigated and showed similar result with that of PDA-FA-Pc, indicating that FA did not affect the drug release of our PDA-based nanocarrier ([[Figure S6]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)). The result indicates that PDA-FA-Pc nanomedicine is stable in circulation systems with neutralized conditions, while rapidly releases Pc in tumor microenvironments, endosomes and lysosomes in tumor tissues with acidic pH values. Such pH-sensitive drug releasing property of PDA-FA-Pc nanomedicine might achieve precisely controlled PDT effects in tumor tissues, which is able to minimize the systemic damages during delivery. In addition, the production of ROS by PDA-FA-Pc with illumination at 680 nm was further investigated by using DCFH-DA as the ROS probe. The result showed that PDA-FA-Pc nanomedicine induced significantly increased ROS release compared to the control group ([[Figure S7]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)).

PDA-FA-Pc nanomedicine specifically recognized tumor cells {#S0003-S2002}
----------------------------------------------------------

As many tumor cell lines overexpress membrane-anchored FRs on surface, we next evaluated whether our PDA-FA-Pc nanomedicine was able to specifically recognize FRs overexpressed tumor cell lines. Human cervical cancer cell line, Hela and human breast cancer cell line, MCF-7, have been reported to express excessive peri-cellular FRs. In addition, two healthy cell lines, human embryo lung fibroblasts (HELF) and human normal liver cells (L02), were set for comparison. The amount of Pc internalized in cells was quantified either through traditional fluorescence analysis ([Figure 3A](#F0003){ref-type="fig"}) and flow cytometric analysis ([Figure 3B](#F0003){ref-type="fig"}). As shown in [Figure 3A](#F0003){ref-type="fig"}, PDA-FA-Pc nanomedicine demonstrated time-dependent uptake in all the four cell lines. But approximate 2--4-fold faster and higher cellular uptake was observed in the two tumor cell lines in contrast to the uptake in the two healthy cell lines. Similar results were observed in the data of flow cytometric analysis ([Figure 3B](#F0003){ref-type="fig"}). The FR overexpressed tumor cell lines (Hela, MCF-7) showed significantly higher drug uptakes than healthy cells (HELF, L02) did, indicating that PDA-FA-Pc nanomedicine is able to recognize the FR on tumor surfaces and release Pc for photodynamic treatments.Figure 3Cellular uptakes of PDA-FA-Pc nanomedicine in FRs overexpressed tumor cell lines (Hela, MCF-7) and healthy cell lines (HELF, L02) by fluorescence analysis (**A**) and flow cytometric analysis (**B**).

Sub-cellular localization of PDA-FA-Pc nanomedicine {#S0003-S2003}
---------------------------------------------------

We then evaluated the sub-cellular localization of PDA-FA-Pc nanomedicine in FR overexpressed tumor cell lines (Hela, MCF-7) and healthy cell lines (HELF, L02) through confocal microscopy ([Figure 4](#F0004){ref-type="fig"}). The confocal images were captured after 2-hr incubation with PDA-FA-Pc nanomedicine. The Pc fluorescence had no overlap with the DAPI fluorescence, indicating that Pc did not penetrate the nuclei membranes avoiding gene damages. In addition, the fluorescence of Pc was merely observed in the cytoplasm of healthy cells (HELF and L02). In contrast, at the same excitation voltage, the two tumor cell lines (Hela and MCF-7) showed intensive Pc fluorescence in cytoplasm, suggesting that the FA-FR interactions significantly enhanced the internalization of PDA-FA-Pc nanomedicine. The sub-cellular imaging result was consistent with the results of the cellular uptake assays, suggesting that the photosensitizer was released after the endocytosis of PDA-FA-Pc nanomedicine, and the Pc release occurred in organelles with low pH, eg, endosome and lysosome.Figure 4Subcellular imaging of PDA-FA-Pc nanomedicine in tumor cell lines (Hela and MCF-7) and healthy cell lines (HELF and L02). The fluorescent signals of DAPI (a dye for nuclei) and Pc were represented in blue and red, respectively. Scale bars represent 20 µm.

PDA-FA-Pc nanomedicine demonstrated specific photodynamic effects to cancer cell lines {#S0003-S2004}
--------------------------------------------------------------------------------------

Given the promising cellular uptake and sub-cellular localization of PDA-FA-Pc nanomedicine, we next evaluated the anticancer effects and the safety to healthy cells of our PDA-FA-Pc nanomedicine in vitro. We thus determined the phototoxicities and dark toxicities toward the FR overexpressed tumor cell lines (Hela, MCF-7) and healthy cell lines (HELF, L02). All above cells were treated with PDA-FA-Pc nanomedicine at the concentrations of 0.15, 0.3, 0.6, 1.2 and 2.4 mg/mL for 2 hrs followed by the assessment of the survival rates via MTT assays ([Figure 5](#F0005){ref-type="fig"}). In all cell lines, treatments with PDA-FA-Pc nanomedicine demonstrated non-measurable toxicity without illumination, suggesting the safety of avoiding off-target photodynamic effects. In contrast, PDA-FA-Pc nanomedicine demonstrated the dose-dependent phototoxicities of all the four cell lines with the light dosage of 5 J/cm^2^ via a planar LED light source (680 nm). However, the phototoxicities of PDA-FA-Pc nanomedicine to the two tumor cell lines were much more significant than those in the two healthy cell lines, consistent with the much higher cellular uptakes above. The higher phototoxicities of our PDA-FA-Pc nanomedicine in tumor cells were likely due to the specificity to the FR on tumor surfaces. In addition, no phototoxicity was observed when Hela cells were treated with PDA or PDA-FA ([[Figure S8]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)), indicating that the photodynamic activity of PDA-FA-Pc nanomedicine was mainly attributed to the Pc moiety.Figure 5. Anticancer effects of PDA-FA-Pc nanomedicine in vitro. The survival rates of Hela (**A**), MCF-7 (**B**), HELF (**C**) and L02 cells (**D**) were determined after incubation with PDA-FA-Pc nanomedicineat various concentrations with and without illumination. (**E**) Phototoxicity of sole FA to Hela cells; (**F**) Time course for phototoxicities of PDA-FA-Pc nanomedicine (0.6 mg/mL) to Hela cells with and without competition with excessive FA (0.4 µg/mL). Phototoxicities were determined with the illumination at 680 nm with the light dose of 5 J/cm^2^. The values were represented as mean ± SEM, \**p*\<0.05, \*\*\**p*\<0.001 vs the vehicle (non-treated) group.

FA competed down the phototoxicity of PDA-FA-Pc nanomedicine to tumor cells in vitro {#S0003-S2005}
------------------------------------------------------------------------------------

To further verify the specificity of PDA-FA-Pc nanomedicine to the peri-cellular FRs, we determined a time-dependent phototoxicity of PDA-FA-Pc nanomedicine to Hela cells with and without the competition with excessive FA. First, we confirmed that FA had no photo- or dark-toxicity to tumor cells ([Figure 5E](#F0005){ref-type="fig"}). With the pre-incubation with 0.4 µg/mL FA, the phototoxicity of PDA-FA-Pc nanomedicine at 0.6 mg/mL was obviously reduced ([Figure 5F](#F0005){ref-type="fig"}) at all time points, indicating that the blockage of the pericellular FRs obstructed the accumulation of PDA-FA-Pc nanomedicine on tumor cell surface. However, excessive FA only partially competed down the phototoxicity of PDA-FA-Pc nanomedicine, which might be explained by the fact that the released positively charged Pc monomers accumulated on the negatively charged tumor cell surface or passively crossed cell membranes. These data indicate that the antitumor effect of PDA-FA-Pc nanomedicine was partially FRs-mediated.

PDA-FA-Pc specifically target the tumor sites in cancer-grafted mice {#S0003-S2006}
--------------------------------------------------------------------

To verify the tumor-targeting property of PDA-FA-Pc nanomedicine in vivo, we imaged the fluorescence of Pc through a noninvasive molecular tomographic imaging in MCF-7 tumor-bearing mice ([Figure 6](#F0006){ref-type="fig"}). Tumors were implanted in the right flank of the mice, and PDA-FA-Pc nanomedicine was intravenously administrated after the tumor matured (100--150 mm^3^). At the time points of 3, 6, 12, 24, 48 and 96 hrs after administration, the Pc fluorescence was collected both at the tumor site in the right flank and at the non-tumor site in the symmetrical left flank ([Figure 6A](#F0006){ref-type="fig"}). The relative concentrations were quantified according to the Pc fluorescence signals ([Figure 6B](#F0006){ref-type="fig"}). At both the tumor and non-tumor sites, the accumulation of Pc kept on increasing and reached the peak at 12 hrs, which was followed by a gradual reduction till 96 hrs. At each time point, Pc accumulation at the tumor site was significantly higher than that at the non-tumor site (approximate threefold higher). In addition, no measurable Pc fluorescence was detected at either the tumor and non-tumor sites of tumor-grafted mice without PDA-FA-Pc administration ([Figure 6C](#F0006){ref-type="fig"}), indicating the stability of our data. This FMT result demonstrates that PDA-FA-Pc nanomedicine is able to specifically accumulate at tumor sites, while has very low accumulation at healthy tissues, suggesting it has excellent tumor-targeting property and high specificity.Figure 6In vivo imaging of PDA-FA-Pc nanomedicine by fluorescent molecular tomography (FMT) imaging of Pc fluorescence in MCF-7 tumor-bearing mice. (**A**) Imaging graphics of PDA-FA-Pc at the tumor site (T, right) and non-tumor site (NT, left) at 3, 6, 12, 24, 48, and 96 h after intravenious injection. (**B**) Quantitations of Pc relative concentrations at the non-tumor (NT) and tumor sites (T) at different time points in panel a. (**C**) The non-tumor (NT) and tumor sites (T) of the saline treated mice showed non-measurable Pc fluorescence signal. The values were represented as mean ± SEM, \*\*\**p*\<0.001, \*\**p*\<0.01, \**p*\<0.05 vs the fluorescence signals at the NT site.

PDA-FA-Pc nanomedicine suppressed tumor growth in human cancer-xenografted mice models {#S0003-S2007}
--------------------------------------------------------------------------------------

To further investigate the anticancer effects of our PDA-FA-Pc nanomedicine in vivo, we established two human cancer-xenografted mice models by subcutaneously implanting Hela and MCF-7 cells into the right flank of mice. After the tumors reached maturity (50 mm^3^ for Hela-bearing mice and 35 mm^3^ for MCF-7-bearing mice), mice were intravenously administrated with PDA-FA-Pc nanomedicines (43.5 mg/kg). One group with saline administration was set as the negative control. To evaluate the role of the FA-FRs interactions on the anticancer efficacies, we also parallelly determined the antitumor effects of PDA-Pc without FA modification for comparison. Twelve hours after administration, the tumor sites were illuminated with 680 nm laser for 10 mins at the light dose of 75 J/cm^2^. Tumor growth was monitored daily after illumination on day 0 by measuring the tumor volumes and the body weights. Administration with PDA-Pc and PDA-FA-Pc nanomedicine significantly suppressed the tumor growth compared to the saline administration in both models ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}). Particularly, PDA-FA-Pc nanomedicine administration exhibited higher antitumor effects than PDA-Pc administration did, demonstrating that the incorporation with FA enhanced the antitumor effects by targeting the pericellular FR in tumor tissues. On day 8, tumors were resected and weighed after anesthesia and sacrifice of mice ([Figure 7C](#F0007){ref-type="fig"} and [D](#F0007){ref-type="fig"}). According to the tumor weights, administration with PDA-FA-Pc nanomedicine suppressed the 71% and 62% tumor growth in Hela- and MCF-7-bearing mice, respectively. In contrast, PDA-Pc only suppressed 22% and 30% tumor growth in Hela- and MCF-7-bearing mice, respectively. The relatively mild anticancer effects of PDA-Pc might be due to the passive antitumor property of the EPR effects in the tumor sites. However, the remarkable anticancer effects of PDA-FA-Pc nanomedicine can be a result of the combination of the EPR effects and the active tumor-targeting property of the FA moiety. In addition, the body weights of the tumor-bearing mice were monitored throughout the observation window (days 0--8). Neither PDA-Pc nor PDA-FA-Pc nanomedicine showed measurable influence on body weights in contrast to the saline-treated groups ([[Figure S9]{.ul}](https://www.dovepress.com/get_supplementary_file.php?f=216194.docx)), indicating that PDA-FA-Pc nanomedicine and its PDT treatments were reasonably well tolerated by mice.Figure 7. In vivo antitumor efficacies of PDA-FA-Pc nanomedicine in tumor-bearing mice. (**A**,**B**) The tumor volumes in Hela tumor-bearing mice (**A**) and MCF-7 tumor-bearing mice (**B**) were daily monitored after illumination on Day 0. (**C**,**D**) The weights of tumors resected from Hela tumor-bearing mice (**C**) and MCF-7 tumor-bearing mice (**D**) on Day 8. The values were represented as mean ± SEM, \*\*\**p* \<0.001, \*\**p*\<0.01, \**p* \<0.05 vs the vehicle (saline-treated) group.

Conclusion {#S0004}
==========

In our current study, to address the metabolic problem and the off-target phototoxicities of clinical photosensitizers, we developed a receptor-targeting PDA-based carrier for the delivery of photosensitizers to tumor tissues. We used a FA-modified PDA carrier to load a highly positively charged phthalocyanine-type photosensitizer (Pc) generating the positively charged PDA-FA-Pc nanomedicine. PDA-FA-Pc nanomedicine demonstrated high stability in neutralized physiological conditions, while specifically released Pc for PDT in the acidic tumor microenvironment or lysosomes. Besides, PDA-FA-Pc nanomedicine demonstrated remarkable specificity to tumor cells as it showed remarkably higher uptake and phototoxicities in tumor cell lines (Hela and MCF-7) in contrast to those in healthy cell lines (HELF and L02). In addition, in two human cancer-xenografted mice models, PDA-FA-Pc nanomedicine significantly suppressed tumor growth and showed no obvious systemic damages. This study not only indicates that PDA-FA-Pc nanomedicine is a highly potent anticancer agent, but also suggests that using the FR-targeting PDA-based carrier is able to promote the metabolic stabilities and active tumor-targeting properties of medicinal photosensitizers for cancer treatments.
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